Glioblastomas (GBMs) are malignant brain tumors with a median survival of less than 18 months. Redundancy of signaling pathways represented within GBMs contributes to their therapeutic resistance. Exosomes are extracellular nanovesicles released from cells and present in human biofluids that represent a possible biomarker of tumor signaling state that could aid in personalized treatment. Herein, we demonstrate that mouse GBM cell-derived extracellular nanovesicles resembling exosomes from an H-RasV12 myr-Akt mouse model for GBM are enriched for intracellular signaling cascade proteins (GO: 0007242) and Ras protein signal transduction (GO: 0007265), and contain active Ras. Active Ras isolated from human and mouse GBM extracellular nanovesicles lysates using the Rasbinding domain of Raf also coprecipitates with ESCRT (endosomal sorting complex required for transport)-associated exosome proteins Vps4a and Alix. Although we initially hypothesized a role for active Ras protein signaling in exosome biogenesis, we found that GTP binding of K-Ras was dispensable for its packaging within extracellular nanovesicles and for the release of Alix. By contrast, farnesylation of K-Ras was required for its packaging within extracellular nanovesicles, yet expressing a K-Ras farnesylation mutant did not decrease the number of nanovesicles or the amount of Alix protein released per cell. Overall, these results emphasize the primary importance of membrane association in packaging of extracellular nanovesicle factors and indicate that screening nanovesicles within human fluids could provide insight into tissue origin and the wiring of signaling proteins at membranes to predict onset and behavior of cancer and other diseases linked to deregulated membrane signaling states.
Exosomes are tiny (50 -150 nm) extracellular vesicles that have been implicated in a number of physiologically relevant processes: prion protein transmission and neurodegenerative diseases (1) , regulation of immune functions (2) , tumor angiogenesis (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , fibroblast signaling to tumors (16, 17) , and priming of the metastatic niche (18 -25) . Recent research indicates that exosomes from bodily fluids such as blood, urine, and cerebrospinal fluid can carry information valuable in diagnostics or treatment of human pathologies (26 -31) . Overall, increased knowledge of exosome functions could enable us to rationally predict and/or target tumorigenesis.
Ras protein signaling is important for glioblastoma (GBM) 4 tumorigenesis. Mouse tumors initiated through doxycyclineinducible expression of mutant K-Ras in the brain can be reverted by shutting off its expression (32) . Activating Ras as a result of genetic mutations to NF1 and p53 or by hippocampal injection of lentiviruses for shRNA targeting of NF1 and p53 is also sufficient to produce human GBM-like tumors in mice (33, 34) . Deregulated Ras signaling occurs in certain human GBMs due to functional loss of NF1, a GTPase-activating protein that regulates Ras⅐GTP and can be inactivated in GBM either proteasomally or genetically (35) . Loss of p53 function in human GBMs prevents Ras signaling-induced senescence (36) ; p53 can be inactivated either genetically or through MDM2-mediated sequestration (37) . Thus, combined loss of NF1 and p53 function augments Ras signaling in GBM. In addition, activation of growth factor receptor signaling at GBM cell membranes upstream of Ras increases Ras signaling in GBM (38 -41) . Corroborating a role for Ras signaling driving human GBM tumors, human GBM cell lines exhibit sensitivity to Ras pathway inhibitors (42) (43) (44) (45) (46) (47) . Exosomes, which carry Ras proteins (48 -50) , represent a possible carrier of information about the wiring of Ras or other tumor signals that could be useful in personalizing treatment protocols to better target the tumors of patients.
Here, we examined extracellular nanovesicles (NVs) released from cultured cells established from GBM tumors induced by hippocampal injection of lentiviruses to drive the combined activation of H-Ras and AKT in GFAP-Cre Tp53 ϩ/Ϫ mice (51) .
These NVs isolates were consistent with exosomes in their protein composition and structure. To understand what types of proteins are represented within the GBM exosome proteome as compared with the cellular proteome, we used multidimensional protein identification technology (MudPIT) mass spectrometry (52) to predict total cellular proteins and compared this profile to that of extracellular NVs released from these cells. Our results revealed that extracellular NVs contained an increase in the relative levels of intracellular signaling cascade proteins (GO: 0007242), in particular, those represented within the gene ontology group of Ras protein signal transduction (GO: 0007265). Moreover, active Ras could be purified from extracellular NVs lysates using the Raf-Ras-binding domain (Raf-RBD), and ESCRT-associated proteins were precipitated in this purification.
We performed assays to test the direct contribution of K-Ras activity to exosome biogenesis in both cis and trans. Through stable, conditional expression of K-Ras in either wild-type or mutant forms in an isogenic GBM background, we investigated the impact of K-Ras GTP binding and farnesylation upon extracellular release and trafficking of Alix and K-Ras to NVs. Although GTP binding of K-Ras was dispensable for its extracellular release to NVs, farnesylation and hence membrane association was required. These findings were interpreted against prior exosome proteomic datasets and support investigating exosomes from human fluids to understand whether information about tissue origin and activity and important protein-protein interactions relating to signaling pathways might be able to inform diagnostics or therapies for patients with cancer or other diseases yielding deregulated membrane signaling.
Results

GBM Cell Extracellular Nanovesicles Resemble Exosomes in Content and Structure and Contain a Distinct Profile of
Proteins-Because prior research supports the use of extracellular vesicles (EVs) as biomarkers of GBM and other cancers and diseases, we asked which types of proteins are compartmentalized and released within EVs from GBM cells as compared with the protein content of whole cells. To simplify the interpretation of our results, we probed cultured 005 cells, a cell line established from a mouse model for GBM induced by hippocampal injection of lentiviruses to drive the combined activation of H-Ras and AKT in GFAP-Cre Tp53 ϩ/Ϫ mice (51) . We hypothesized that proteins regulating signaling within these pathways would be highly represented within EVs from 005 cells. We were most interested in exosomes that are produced from intraluminal vesicles following fusion of multivesicular bodies (MVBs) with the plasma membrane because MVBs arise from the regulated action of endosomal sorting complex required for transport (ESCRT) proteins in a process involving ubiquitin (reviewed in Ref. 53) . We expected that the ESCRTregulated pathway dictating sorting of exosome cargoes to MVBs might involve the activity of signaling cargoes originating from the plasma membrane.
Using established protocols (12, 54) , we prepared extracellular NVs to enrich for exosomes using ultracentrifugation and filtration of conditioned medium obtained in parallel from cultured 005 cells and U87MG human GBM cells with the goal of comparing 005 mouse GBM extracellular NVs to U87MG human GBM extracellular NVs, which have been previously characterized (55) . Progressive ultracentrifugation of conditioned media was used to remove cells (300 ϫ g), dead cells and cellular debris (16,500 ϫ g), followed by 200-nm filtration to remove larger vesicles. The final cleared supernatant was pelleted at 110,000 ϫ g to isolate NVs. By transmission electron microscopy analysis (TEM) of fixed NVs, we found that both preparations exhibited vesicles with characteristic cup-shaped morphology reported in previous publications for exosomes ( Fig. 1A) . A heterogeneously sized population of vesicles was observed for 005 and U87MG exosome samples with an average size 62.3 Ϯ 23.8 and 80.1 Ϯ 29.9 nm, respectively.
To determine whether the NVs are representative of exosomes, we utilized immunoblots to compare equal amounts of proteins from the attached cells (cell), cells pelleted from the conditioned media (P300), the larger vesicles and cellular debris (P16.5K), and the final, washed NVs. Consistent with the successful concentration of exosomes using this protocol, extracellular NVs isolated from U87MG and 005 cells displayed characteristic enrichment of the MVB regulatory proteins that serve as exosome markers, Alix and Tsg101 ( Fig. 1B) , as well as depletion of the endoplasmic reticulum marker calnexin. In these semiquantitative analyses, we cannot ensure a linear relationship between the signal intensity and antigen loading for the antibodies used and did not have a clear indicator for loading available at the time experiments were performed. However, 005 cell NV samples resolved in parallel on gels demonstrate similar levels of either an antibody cross-reactive band or degradation product of calnexin ( Fig. 1B , anti-calnexin). The 005 analysis resolved on separate gels from the same sample in parallel demonstrates a clear enrichment for Alix and Tsg101 in NVs as compared with cell, P300, and P16.5K fractions. For U87MG NVs, samples resolved were probed using dual-color analysis on the Odyssey and clearly indicate the presence of Alix in NVs and the absence of calnexin on the same blot for NVs as compared with the cellular fraction that demonstrates a fragmented anti-Alix signal and single prominent band for anticalnexin. Tsg101 enrichment is demonstrated for the same sample resolved on a separate gel and blot.
To understand whether extracellular NVs exhibit a specific protein profile compared with whole cells, we used SDS-PAGE to resolve and compare equal amounts of total proteins from attached cells (cells), from the 300 ϫ g pelleted cells (P300) from the conditioned media, and from the final, washed NVs. Resolved gels were stained with either Coomassie Blue (005) or silver stain (U87MG), and the results revealed that migration of protein bands for 005 and U87MG extracellular NVs differed from those observed for whole cell and 300 ϫ g pellet samples (Fig. 1C) . Overall, the size, morphology, enrichment for MVB regulatory exosome proteins, and distinct profile of proteins demonstrated by extracellular NV preparations suggests that these are enriched for exosomes. For the purpose of simplicity, we will refer to these extracellular NV preparations as exosomes herein, noting that we have not analyzed the site of production of these vesicles, and it is indeed possible that not all of the vesicles are produced through MVB fusion with the plasma membrane and that contaminating proteins might still be present.
GBM Exosomes Are Significantly Enriched for Intracellular Signaling Cascade and Ras Protein Signal Transduction
Proteins-Because we observed a difference in the banding profile of proteins in exosomes as compared with their corresponding whole cells, we sought to identify which specific proteins were included in 005 exosomes as compared with 005 whole cells by performing mass spectrometry analysis of proteins using MudPIT. Equal amounts of total protein from 005 whole cell lysates were compared with 005 exosome sonicates in a non-quantitative analysis to predict proteomes for each based on data observed in all three technical replicates (detailed results, supplemental Table S1 ). Analyzing proteins predicted in 3 of 3 technical replicates, we recorded 1049 proteins for the identified whole cell proteome and 609 proteins for the identified exosome proteome, with an overlap of 349 proteins, which are represented in a proportional Venn diagram ( Fig. 2A ). Using the Functional Enrichment analysis tool FunRich (56), we recorded that 94% of the identified 005 exosome proteome overlapped with known exosome proteins at ExoCarta exosomes database (57-60) ( Fig. 2B ). To understand the functional differences in identified whole cell and identified exosome proteomes, we used this tool and performed a gene ontology analysis (using GO_BP_FAT generated through Database for Annotation, Visualization and Integrated Discovery (DAVID) version 6.7 functional annotation tool (61, 62) ) to identify biological processes significantly (p ϭ 0.05 or less) represented by proteins in whole cells versus exosomes. A doughnut chart rep-resents a biological process comparison of the 2 datasets using FunRich (Fig. 2C) , and a complete list of significant and nonsignificant results for gene ontology biological process analysis by DAVID is available (supplemental Table S2 , "GO_BP_FAT_ CELL3" and "GO_BP_FAT_EXO3", all terms above the underline are p value less than 0.05).
Interestingly, both DAVID and FunRich annotation tools revealed an enrichment of signal transduction biological processes for the 005 exosome proteomic datasets. A doughnut chart generated by FunRich for biological process comparison of the 005 exosomal proteome to the 005 cellular proteome shows that the greatest percentage of the 005 exosomal proteome is linked to signal transduction processes (29.9%), whereas metabolism accounts for the greatest percentage of the 005 cellular proteome (24%) ( Fig. 2C , p values and gene details in supplemental Table S3 ). Using DAVID, we found that small GTPase signal transduction (GO: 0007264) was much more significantly represented in the identified 005 exosome proteome than the identified whole cell proteome, with a p value of 2.32 ϫ 10 Ϫ18 , whereas its p value was 7.10 ϫ 10 Ϫ3 for the identified whole cell proteome (supplemental Table S2 , "top 10" compare bold green type p value to bold red type p value). A comparison of the top 10 significantly represented GO biological processes for each proteome, whole cell and exosome, demonstrated that small GTPase signal transduction was the second most significantly represented term for the identified exosome proteome but did not make the top 10 for the identi- fied whole cell proteome (supplemental Table S2 , top 10). In contrast, translation (GO: 0006412), hexose catabolic process (GO: 0019320), and glucose catabolic process (GO: 0006007) were in the top 10 by significance for both the identified whole cell proteome and identified exosome proteome lists (supplemental Table S2 , top 10, bold black type). We wondered whether any significantly represented GO biological process terms would be unique to the identified exosome proteome, because certain proteins were only predicted for the identified exosome proteome, and fewer proteins were identified for exosomes than for whole cells, which would also enhance the significance of the identified terms. Indeed, results from this analysis revealed biological processes significant only for the identified exosome proteome, entailing processes such as signal transduction, adhesion, and morphogenesis (supplemental Table S2 , "EXO3_ONLY," and Fig. 2D ). Specifically, the most significant term represented only in the identified exosome proteome was intracellular signaling cascade (GO: 0007242), and Ras protein signal transduction (GO: 0007265) was the 8th most significant term ( Fig. 2D ), consistent with 005 cells expressing a mutant activated H-Ras protein.
Unique significance for the identified exosome proteome in these categories could simply be due to the smaller number of proteins identified (609 as compared with 1049 in the identified whole cell proteome) or arise also from identification of proteins only in exosomes that regulate these functions. To answer this question, we separately probed for set differences and intersections between the exosome protein ID dataset of a given significantly represented GO biological process (small GTPase signal transduction, intracellular signaling cascade, and Ras protein signal transduction) and compared with the entire set of protein IDs from the filtered list for the identified whole cell proteome. This comparison revealed that although a portion (40 -50%) of the proteins were identified in both exosomes and whole cell proteomes, more than 50% of the proteins were exclusively identified in the exosome analysis ( Fig. 2E ). Nevertheless, the "unique" exosome proteins must have been expressed in cells they were derived from, and presumably their presence in whole cell samples analyzed was below the threshold of detection. Cytoplasmically Localized Intracellular Signaling Proteins Maintain Their Topology and Are Vesicularly Associated-Our mass spectrometry analysis predicted a significant representation of signaling proteins and translation proteins in the identified exosome proteome. We were interested in the potential for intercellular exchange of signaling and translation-associated proteins via exosomes, and we wondered whether the proteins that we identified were indeed in their native, functional state within vesicles. Alternatively, these could represent proteins on the surface of exosomes, either due to interactions of proteins from permeabilized cells with exosome membranes (artifactual) or due to physiological relocalization of cytoplasmic proteins to the cell surface. Cytoplasmic signaling proteins maintaining their normal, cellular, topology should be protected from added protease (trypsin) degradation by the exosome membrane (which can be disrupted by a detergent such as Triton X-100), and this effect should be similar to that observed for a soluble, cytoplasmic exosome protein such as Alix. To verify that a free, non-vesicular protein can be digested by trypsin alone, we spiked in purified GST-Ubc9 and analyzed its degradation profile as well.
We found that cytoplasmic signaling proteins Ras and ␤-catenin in both 005 and U87MG exosomes were protected from digestion by trypsin alone, similarly to Alix, yet disrupting the exosome membrane with detergent was sufficient to enable trypsin digestion of all of these proteins (Fig. 3A , compare anti-Ras and anti-␤-catenin to anti-Alix). Tsg101, detectable in 005 exosomes but not U87MG exosomes in this experiment, yielded a similar profile to that of Alix (Fig. 3A , anti-Tsg101). In contrast, GST-Ubc9 could be readily digested by trypsin alone, demonstrating that as expected free soluble proteins in the exosome preparation are sensitive to trypsin in the absence of detergent ( Fig. 3A , anti-GST). Interestingly, very little of the Rps3 ribosomal protein was protected from degradation by trypsin alone in 005 and U87MG exosomes ( Fig. 3A , anti-Rps3). Particularly in 005 exosomes, the majority of Rps3 ribosomal protein was not protected from digestion by trypsin alone, i.e. Rps3 is a contaminant presumably bound to the exterior of exosomes.
Sucrose cushions can be used to separate proteins nonspecifically associated externally with exosome membranes, and large protein aggregates, which might contaminate exosome preparations made by ultracentrifugation. Because a sucrose cushion step was not used in the preparation of 005 exosomes for mass spectrometry, we performed this step to examine retention of Ras, ␤-catenin, and Rps3 in exosomes prepared by our original ultracentrifugation protocol followed by purification on a sucrose cushion. In addition, we examined histone H3, a protein we observed abundantly in 005 exosomes that we predicted could be an artifactual contaminant in these preparations. For comparison, we looked at the percent retention of Alix and the percentage retention of the integrin ␣5, a protein that associates with ␤1 integrin to act as a fibronectin receptor and has been demonstrated to sort to multivesicular bodies in a ubiquitin-dependent manner and complex with Tsg101, an ESCRT-I protein (63) .
Exosomes were diluted in PBS and pelleted onto a 30% D 2 O sucrose cushion (54) . Importantly, ␤-catenin and Ras were both retained on the cushion at a percentage equivalent to that of Alix ( Fig. 3B , 5.4 and 4.4%, respectively, as compared with 4.2% for Alix). Integrin ␣5, an integral membrane protein and substrate for ESCRT, was retained at an even greater percentage ( Fig. 3B, 5 .7%). In contrast, Rps3 was retained only at 1.6%, consistent with the trypsin digestion data demonstrating that only a small portion of Rps3 was inside vesicles (Fig. 3B , bottom panel), and histone H3 was retained at an even lower percentage ( Fig. 3B, 0 .4%). Moreover, the PBS solution above the sucrose cushion contained trace amounts of all proteins except Rps3 and histone H3 ( Fig. 3B , top layer), indicating that Rps3 and histone H3 are not truly vesicularly associated and cannot float on the sucrose cushion.
To understand whether cushion isolation of exosomes would alter which proteins are enriched in exosomes as compared with whole cells, we prepared exosomes from 005 cells by this method. In this analysis, we compared exosomes to whole cell sonicates to probe the contribution of the lysis buffer to the comparison such that equal amounts of total protein were compared between 005 sucrose cushion-isolated sonicates and whole cell sonicates. In this MudPIT analysis, slightly fewer proteins were predicted for each proteome than in the first analysis (878 for whole cell and 431 for exosomes, with 202 overlapped proteins, compared with 1049 and 609, with 349 overlapped proteins, see supplemental Table S4 ). This analysis was primarily non-quantitative, but NSAF values are available (supplemental Table S4 , NSAF tab), which can approximate amounts of proteins for comparison (64) . Nearly 70% (296) of the 431 proteins from sucrose cushion exosomes overlapped with proteins predicted by the first mass spectrometry analysis, whereas over 75% (663) of the 878 proteins predicted for whole cell sonicates demonstrated overlap with the first experiment using whole cell lysates. Gene ontology GO_BP_FAT charts were again generated using DAVID for identified whole cell and identified exosome proteomes separately, and these were compared with defined biological process categories unique to either whole cells or exosomes proteomes. Significant and nonsignificant results of this comparison are available (supplemental Table S5 ). The top 10 terms significantly represented by the identified exosome proteome, but not the identified whole cell proteome, were defined, and these resembled that of the first analysis for 5 of the 10 terms (overlap noted in turquoise type, compare Fig. 2D to Fig. 3C ).
Interestingly, small GTPase signal transduction (GO: 0007264) was now the most significantly represented biological process for 005 exosomes, and this term was no longer significant for the identified whole cell proteome (supplemental Table S5 ). In contrast, p value changes demonstrate that translation (GO: 0006412) was now less significantly represented in the identified exosome proteome (3.5 ϫ 10 Ϫ5 ) than in the analysis of less purified exosomes (6.0 ϫ 10 Ϫ23 ). However, this term was more significantly represented based on the p value in this analysis (6.4 ϫ 10 Ϫ43 ) for the identified whole cell proteome than in the previous analysis (4.1 ϫ 10 Ϫ42 ). Moreover, the significance of intracellular signaling cascade (GO: 0007242) and Ras protein signal transduction (GO: 0007265) terms improved in this anal-ysis as well (compare Fig. 2D to Fig. 3C ). FunRich comparisons of the sucrose cushion-purified exosomes (005 SC exosomes) data to Fig. 2A proteomic data for 005 exosomes (without sucrose cushion) revealed increased representation for cellular components with membranes such as exosomes and the plasma membrane ( Fig. 3D , supplemental Table S3 ). Moreover, sucrose cushion-purified exosomes retained a greater percentage of signal transduction proteins (Fig. 3E, supplemental Table  S3 ). In contrast, proteins linked to the ribosome were reduced in this dataset, consistent with data showing a decreased significance for translation in this dataset and Rps3 degradation by trypsin ( Fig. 3, A X X X X X X X X
Farnesylation Rather Than GTP Binding Regulates Exosomal Ras
naling proteins, but not translation machinery proteins, are specifically enriched in exosomes.
Active Ras and ESCRT-associated Proteins Specifically Copurify with the Raf Ras-binding Domain from GBM Exosomes
Lysates-Because exosomes carry an abundance of signaling proteins, we wondered whether these proteins would be wired to transmit an active signal to cells taking up exosomes. In particular, we expected that active Ras (bound to GTP) should be found in exosome lysates if exosomes were indeed able to manipulate the Ras signaling pathway of cells taking up these vesicles. Moreover, we thought that active Ras might complex with protein regulators that could account for its packaging within exosomes.
To test these hypotheses, we used an active Ras detection kit (Cell Signaling), which uses the purified GST-Raf-RBD fusion to selectively bind to GTP-bound Ras (65) . Complexed proteins are then affinity precipitated using glutathione resin, and eluted, and subsequently analyzed by SDS-PAGE and immunoblotting to determine whether active Ras and other proteins are precipitated by interaction with the RBD. For these analyses, we used exosomes purified by ultracentrifugation from conditioned medium of 005 cells and U87MG cells to test whether active Ras is packaged in exosomes from cells driven by H-RasV12 constitutive signaling (005) and also in exosomes from human GBM cells devoid of Ras mutations but sensitive to Ras pathway inhibitors (U87MG) (44, 66) . Eluates from the GST-Raf-RBD resin were resolved alongside reserved input, unbound, and wash fractions by SDS-PAGE, and we immunoblotted for pan-Ras signals. In parallel, we immunoblotted for exosome regulators: Vps4a, an ESCRT-interactor demonstrated previously to interact with H-Ras, and Alix, another ESCRT-interactor. In addition, we probed for integrin ␣5 because it represents an ESCRT interactor and MVB substrate, which is abundant in exosomes prepared from both 005 and U87MG lines (63) . Immunoblots were scanned, and the percentage retention (percent of the final eluate of the proteins signal as compared with the input of the proteins signal) was calculated for comparisons as a percentage of the GST-Raf-RBD retained for each sample.
Our results demonstrated that Ras proteins were retained at 77 and 64% of the amount of GST-Raf-RBD retained in 005 and U87MG exosomes, respectively, demonstrating that both mouse and human GBM exosomes contain similar amounts of Ras in an active GTP-bound state ( Fig. 4 , compare top 2 panels). Traces of signal can be observed for the pan-Ras signal in the unbound fraction for both 005 and U87MG exosomes, suggesting that some of the Ras in exosomes was not GTP bound, inactivated either during cell culture or artifactually during the exosome preparation process. Nevertheless, we conclude that GBM exosomes do contain active Ras proteins.
Regulators of exosome biogenesis and ESCRT were also precipitated by GST-Raf-RBD. The Alix protein was retained at twice the level of GST-Raf-RBD for 005 and U87MG exosomes, and Vps4a was retained at even greater percentages of 433 and 270% (Fig. 4, 3rd and 4th panels). However, integrin ␣5, which interacts with the ESCRT complex, was very poorly retained (2 and 4% for 005 and U87MG exosomes, respectively) and highly abundant in the unbound fraction (Fig. 4 , bottom 2 panels). N-cadherin, a focal adhesion protein probed on the same blot ( Fig. 4 , anti-N-cadherin, green arrow, yellow band in U87MG input lane), did not co-precipitate with active Ras either although these data were not quantitated because detection of N-cadherin in exosomes was observed for U87MG but not 005 exosomes samples. These results suggest that Ras proteins are complexed specifically with ESCRT regulators within exosomes FIGURE 3 . Cytoplasmic signaling proteins localize inside of vesicles. A, immunoblots of equal amounts of exosome preps treated to trypsin protection assays as described. The top 3 panels originated from the same gel cut to the blot using multiple antibodies. Others are from separate gels resolved from the same samples in parallel. An irrelevant set of samples are included to avoid splicing the gel and are indicated by "X" above the lanes. B, SDS-PAGE of 005 exosomes isolated on a sucrose cushion. Analysis of the following: 25 mg of total exosome protein for input (2.5%), pelleting of the top PBS layer above the cushion, and the cushion/PBS interface containing highly purified vesicles for MS analysis. % retention was calculated using the signal for cushion interface divided by the input signal (multiplied by 40 to account for 100% loaded of cushion) and multiplied by 100 to give a %. To conserve sample for multiple antibody probing, top 2 panels represent one gel cut and bottom 2 panels represent a separate gel run using the same samples in parallel and also cut. A and B, Li-Cor Odyssey IR dual color images, color-coded arrows clarify the positions of the protein of interest. C, top 10 terms by significance for those with a p value of 0.05 or less for exosome cushion proteome but not the whole cell proteome. Overlap with the list in Fig. 2D is indicated in turquoise type. D and E, comparisons of 005 exos ( Fig. 2A) to sucrose cushion purified (005 SC exos) using FunRich. Gene details and p values are in supplemental Table S3 . and that precipitation by the GST-Raf-RBD is due to their interactions with Ras (perhaps via Vps4a) but not the RBD. This would be consistent with a prior publication demonstrating a role for Vps4a and CHMP6, ESCRT-III interactors, in mediating the recycling of Ras proteins to the plasma membrane (67) .
Conditional Expression of K-Ras WT and Mutant Forms in GBM Cells
Produces Expected Phenotypes-The proteome of GBM exosomes is enriched for intracellular and Ras signaling proteins and contains active Ras in a functional orientation. We wondered whether active Ras signaling might contribute in cis to its exosomal packaging or might regulate the trafficking of other factors to exosomes in trans. To address this question, we analyzed exosomes and their corresponding U87MG cells expressing wild-type Flag-K-Ras or mutants of K-Ras altered for K-Ras signaling.
We included mutants in our studies to examine two primary processes required for active Ras signaling: C-terminal farnesylation and GTP binding. First, we focused on the K-Ras G12D mutant, not only due to its oncogenic impact, but also due to its reduced capacity for GTP hydrolysis and existence in a predominantly GTP-bound state (68) . Second, we used the K-Ras S17N dominant-negative mutant for analysis, because it is membrane localized (69) but demonstrates a reduced affinity to bind GTP (70) . Third, we examined the K-Ras C185S mutant, disrupted for farnesylation at the C-terminal CAAX sequence and thus membrane-delocalized yet capable of binding GTP (69) .
To examine exosome biogenesis in U87MG cells stably expressing K-Ras WT or mutants individually in otherwise isogenic strains, we created a single lentiviral vector to conditionally express Flag-K-Ras through a third generation tetracycline (Tet)-responsive system (Fig. 5A ). After stable integration and puromycin selection, we validated the ability of this system to express K-Ras forms, examining cellular expression using two different concentrations of the more stable Tet analogue doxycycline (Dox) for induction. The results demonstrated repression of expression in the absence of Dox, but both Dox concentrations yielded similar levels of expression ( Fig. 5B) . Consequently, we selected the lower concentration (0.25 g/ml of Dox) for induction in subsequent studies. Because these mutants of K-Ras have not been expressed in U87MG cells in prior publications, we performed assays to validate the U87MG cell response to expression of K-Ras mutants as compared with wild-type K-Ras. Lack of farnesylation in the C185S K-Ras was clearly evidenced by its reduced electrophoretic mobility compared with WT, S17N, and G12D K-Ras (Fig.  5, B and C, compare blue arrow to black arrow) . To understand the functional impact of C185S and other mutations, we examined phosphorylation of ERK1 and ERK2 (pERK1/2) at Thr-202/Tyr-204 (71) as compared with WT, performing this experiment on triplicate samples. We followed an identical protocol to that used for Fig. 5B , but in this instance, we used only 0.25 g/ml of Dox for induction.
The results clearly show that altering the GTP binding state or membrane association of K-Ras affected downstream phosphorylation of ERK1 and ERK2. First, increasing the activity of K-Ras by reducing GTPase activity as in the G12D mutant led to an increase in the amount of pERK1 and pERK2 observed (compare Fig. 5C, lanes 7-9 to 1-3) , calculated on average to be roughly 2.5-fold of WT for both pERK1 and pERK2 (Fig. 5D ). Second, consistent with previously reported dominant-negative effects of the GTP-binding mutant S17N (70), we found that S17N expression reduced pERK1 and pERK2 phosphorylation (compare Fig. 5C, lanes 4 -6 to 1-3) , yielding a Ͼ60 and 70% decrease on average (Fig. 5D ). Third, interfering with the farnesylation and membrane association in the C185S mutant was sufficient to decrease the phosphorylation of pERK1 from WT (top band, compare Fig. 5C, lanes 10 -12 to 1-3) . These effects were similar to the S17N mutant (top band, compare Fig.  5C, lanes 10 -12 to 4 -6) and demonstrated that the signal was 0.4-fold that of WT on average for pERK1 ( Fig. 5D ). In addition, a modest reduction (0.8-fold of WT on average, Fig. 5D ) in pERK2 levels was also observed by comparing C185S expression to that of WT ( Fig. 5C, compare bottom band in lanes  10 -12 to lanes 1-3) . K-Ras Farnesylation, but Not GTP Binding Activity, Is Required for K-Ras Packaging within Exosomes-To assess whether the ability of K-Ras to signal actively would affect K-Ras packaging and secretion in exosomes, we prepared whole cell lysates and exosomes from U87MG cells stably expressing WT, G12D, S17N, or C185S Flag-K-Ras. Cell-normalized equivalents of exosomes and cell lysates were immunoblotted with anti-FLAG signal antibodies to detect Flag-K-Ras forms and pan-Ras antibodies to determine the fraction of Flag-K-Ras expressed within cells and trafficked to exosomes. We normalized the signals to integrin ␣5, because this protein was abundantly expressed in GBM exosomes but failed to coprecipitate with Ras and Alix in affinity pulldowns of active Ras (Fig. 4) , indicating that trafficking of integrin ␣5 to GBM exosomes is independent of Ras protein signaling. Because Alix coprecipitated with Ras proteins in the affinity precipitation experiment (Fig. 4) , we examined the levels of Alix to learn whether modulating Ras signaling might specifically alter the amount of Alix trafficked to exosomes or change the total amount of exosomes released per cell. We also included a similar analysis for the 16,500 ϫ g pellets of larger vesicles and cellular debris (P16.5K) in case these samples revealed a largely different phenotype than that of exosomes.
We found that Flag-K-Ras C185S, which cannot be farnesylated, failed to traffic to exosomes. In three independent experiments, we did not observe any signal for Flag-K-Ras C185S in exosomes, even though it was clearly expressed in cells at levels similar or greater than Flag-K-Ras WT (Fig. 6A, blue arrow) . Furthermore, a signal for endogenous Ras proteins was evidenced in exosomes and cells at similar levels to samples for cells expressing Flag-K-Ras WT, S17N, or G12D (compare blue arrow anti-FLAG signal to black arrow anti-pan-Ras signal in Fig. 6A ). Quantitative analysis of three independent experiments demonstrated that Flag-K-Ras C185S was poorly expressed on average as a fraction of total Ras in exosomes as compared with Flag-K-Ras WT (Fig. 6B, red open squares) , whereas cellular expression was greater on average for Flag-K-Ras-C185S as compared with Flag-K-Ras WT using fraction of total Ras as a metric (Fig. 6B, blue filled squares) .
By contrast, both the S17N and G12D mutants of Flag-K-Ras were more highly expressed in exosomes than WT (Fig. 6A ) when comparing their signals as a fraction of total Ras (Fig. 6B , compare red filled square data points among WT, S17N, and G12D). In this case, however, the greater fraction of total Ras expression for Flag-K-Ras mutants S17N and G12D as compared with WT can be primarily attributed to a difference in the cellular expression of the mutants (compare blue open square data points in Fig. 6B ). Thus, the S17N and G12D mutants of Flag-K-Ras are trafficked to exosomes to similar extents, indicating that the ability to bind GTP with high affinity does not significantly impact the targeting of Flag-K-Ras to exosomes.
As for the larger vesicles of the P16.5K samples, which were loaded at slightly less (3-fold) cell equivalents than exosomes, we were able to detect Flag-K-Ras S17N in these samples more so than that of other K-Ras forms (Fig. 6A, cutout) . The C185S form of Flag-K-Ras was also not apparent although Flag-K-Ras WT expression was difficult to detect as well. Nevertheless, S17N did not block release of K-Ras to larger vesicles, so we decided against further analysis of these larger vesicles.
Because we had wondered whether altering Ras signaling by expressing K-Ras mutants could also change either total amounts of exosomes released per cell or the specific trafficking of Alix exosome protein to exosomes, we examined both the amount of Alix present in cell-normalized equivalents as a fraction of total Ras in exosomes and the total number of vesicles per cell predicted by NanoSight NTA (nanoparticle tracking analysis) technology for the panel of cells stably expressing Flag-K-Ras WT and mutants. Our initial results demonstrated that the amount of Alix trafficked to exosomes as a fraction of total Ras was not significantly different in samples from cells expressing the WT or mutants of Flag-K-Ras (Fig. 6A , anti-Alix, anti-pan-Ras). Furthermore, averaging three independent experiments demonstrated that similar amounts of Alix were present in exosomes from WT, S17N, and G12D K-Ras mutant expressing cells ( Fig. 6C, filled squares) WT G12D S17N C185S
P16.5K
WT G12D S17N
C185S Flag-K-Ras WT G12D S17N C185S WT G12D S17N C185S
anti-pan-Ras Cell Exosome P16.5K predicted by NanoSight NTA, was lowest for cells expressing Flag-K-Ras S17N (Fig. 6D) , these values were highly variable across experiments (Fig. 6D , individual experiments depicted as separate colors of filled triangles), with cells expressing the S17N mutant releasing more exosomes per cell than the G12D mutant in one of the 4 independent experiments (Fig. 6D , compare blue filled triangles). In sum, we concluded that the K-Ras signaling status does not significantly affect the total amount of exosomes released per cell.
Discussion
Herein, we demonstrated that the GBM exosome proteome is enriched for intracellular signaling proteins and Ras protein signal transduction as compared with the whole cell proteome (Fig. 2) .
Signaling proteins in exosome preparations maintained their topology (Fig. 3) , and we were able to detect active Ras in both 005 and U87MG GBM cells, which copurified with ESCRT-associated proteins in GST-Raf-RBD precipitation assays (Fig. 4) .
Our studies revealed that K-Ras farnesylation, but not GTP binding, was necessary for K-Ras packaging within exosomes (Fig. 6) . The predicted path of Ras proteins to exosomes, based on this study and others (53, 67, (72) (73) (74) (75) (76) , is modeled in Fig. 7A . Ras proteins are sorted to exosomes in a manner dependent upon farnesylation but not GTP binding (step 1). Our studies (Fig. 4 ) detected ESCRTIII interactors Vps4a and Alix in co-precipitates of active Ras from exosomes lysates, but not another ESCRT substrate, integrin ␣5 (63). This is consistent with a prior publication 
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Step 3. Table S4 ) and compared using the FunRich custom feature. C, unique exosome proteins (not represented in ExoCarta) for supplemental Tables S1 and S4 005 exosome proteomic data. Site of expression was mapped using FunRich and the provided database to give the p value indicated. Stars indicate the presence for each gene symbol (orange, cortex; blue, brain; green, Purkinje cells; yellow, malignant glioma; black, signal transduction).
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demonstrating a direct Vps4a and ESCRTIII interaction with Ras proteins (67) . These proteins would be expected to function in the intralumenal sorting of Ras to a MVB, although their precise role in Ras sorting and whether they interact with the GTP binding mutant S17N is unclear from this analysis (step 2). Fusion of the MVB with the plasma membrane enables the extracellular release of the intralumenal vesicle carrying Ras, now deemed an exosome (step 3).
Although our model appears to define the requirement for ESCRT and its interaction with Ras in the production of exosomes, this is an area of uncertainty. One might expect from our results that Vps4a would be able to interact equally well with K-Ras S17N and G12D, but we were unfortunately unable to affinity purify enough Flag-K-Ras from exosome lysates to perform co-precipitation experiments. The formation of MVBs by pathways independent of ESCRT has been described (77, 78) and the role of ceramide, a cone-shaped sphingolipid generated by neutral sphingomyelinase activity to promote exosome formation, was not investigated. Moreover, it is possible that Rasbearing vesicles, perhaps in association with ESCRT proteins, are budding directly from the plasma membrane through a different process. Nevertheless, the K-Ras S17N mutant failed to alter the amount of Alix released from cells and was released to exosomes in similar amounts as K-Ras G12D (Fig. 6 ). At the very least, these results support a model by which dominantnegative Ras signaling by the S17N mutant does not significantly alter exosome or extracellular vesicle biogenesis.
A lack of requirement for GTP binding in the release of K-Ras to exosomes is not entirely surprising, because a recent study of K-Ras did not find any statistically significant differences between the percentages of G12V and S17N mutants localized to endosomes (79) . By contrast, this prior study revealed an increase in the fluorescence recovery after photobleaching halftime and immobile fractions for the GFP K-Ras S17N mutant as compared with GFP fusions to either active forms of K-Ras (wild-type or G12V). Although that would seem to indicate that the amount of exosomes released from cells might be influenced by K-Ras signaling by altering the amounts of exosomes produced or the numbers of proteins trafficking to exosomes, our studies did not detect any significant impact of the GTP binding status upon the number of exosomes or amount of Alix released per cell (Fig. 6) .
Our results support the idea that membrane association, rather than random integration of cytoplasmic components within vesicles, dictates the trafficking of proteins to exosomes. First, our data show that greater than 40% of the identified 005 exosome proteome are plasma membrane factors (Fig. 3D) , which is far greater than that observed for the 005 cellular proteome (less than 16%). Second, translation proteins are less significantly represented in exosomes using sucrose cushion preparation, and the ribosomal protein Rps3 was found to be on the surface of exosomes based upon its lack of protection against trypsin and its lower level of retention in sucrose cushion-purified exosomes (Fig. 3) . Third, exosomes distinctly lack unfarnesylated, cytoplasmic K-Ras, demonstrating that it cannot "piggyback" on other proteins and is not randomly integrated from the cytoplasm into vesicles. Overall, these results are consistent with a previous publication showing that highly oligomeric, cytoplasmic proteins can be targeted to exosomes/ microvesicles by lipid membrane anchors (80) . Thus, one interesting question for future investigation is whether RNA localizing to exosomes might also be incorporated in a membrane localization-dependent manner.
Exosomes are enriched for signaling and cell communication proteins that are carried in their functional orientation (Figs. 2  and 3 ). Our analysis of Ras signaling revealed that exosomes contain active Ras in complex with ESCRTIII-associated proteins. These data suggest that exosome protein modifications, activity, and interactions could be used to predict the tumor signaling status. Interestingly, exosomes released from both U87MG (derived from a human glioblastoma devoid of Ras mutations (66)) and 005 cells (carrying H-Ras G12V (51)) carried similar levels of active Ras proteins. This suggests that U87MG also relies upon activated Ras signaling, and this is further supported in that U87MG cells treated with a Ras inhibitor exhibit a decrease in HIF-1␣ causing a reduction in glycolysis gene transcription and cell death (44) .
Exosomes present an accessible source of information for understanding tumor type in addition to signaling status. Comparing our data to a compilation of previously published exosome proteomes available at ExoCarta (57-60) demonstrates that many factors are shared across exosome proteomes, yet some are unique. Nearly 94% of the 005 exosome proteins overlapped with proteins logged in the ExoCarta database (Fig. 2B) . Non-cancer cell type exosome proteomes (B cells, macrophages, and oligodendrocytes) displayed significant overlap with the highly purified 005 mouse glioblastoma exosome proteome (supplemental Table S4 ), falling within the top 10 of 37 sites of expression analyzed (Fig. 7B) , when compared with human, mouse, and rat exosome proteomes publicly available at ExoCarta. We speculate that this is due to a large number of proteins regulating exosome dynamics that are shared among all cell types (e.g. CD81, ESCRT proteins, etc.). However, the most significant similarity to 005 exosomes was observed for exosomes from another central nervous system tumor, neuroblastoma (Fig.  7B) , indicating that some of the proteins trafficked to exosomes could predict the tumor type due to tissue specificity.
We also found unique proteins in exosomes that were clearly associated with the tumor site of origin, many of which regulate signal transduction. Because there were no glioblastoma exosomal proteomic data sets available at ExoCarta, we examined unique proteins not represented in ExoCarta but present in 005 exosomes (for supplemental Tables S1 and S4) and classified their site of expression using FunRich (Fig. 7C ). Interestingly, 9 of these 14 proteins mapped to malignant glioma as their site of expression, and 7 were significantly representative of the cortex (p ϭ 3.3 ϫ 10 Ϫ5 ). The remaining proteins were represented within the brain or Purkinje neurons. Of these proteins, 8 function in signal transduction. Taken together, these results suggest that exosomes carry tissue-specific proteins that could indicate tumor site of origin and provide insight into how tumors are signaling.
Current research has already revealed a capacity to identify altered protein, RNA, and DNA expression profiles in exosomes from patients as compared with a control population using exosomes isolated from various bodily fluids (26 -31, 81, 82) . Thus, as additional data become available for exosome proteomes from multiple tumor types, particularly coupled with information on signaling status, post-translational modifications, DNA, and RNA, molecular signatures might be identified to predict tumor type and signaling status.
Apart from advancing the field of diagnostics, exosome studies could elucidate a mechanism for intercellular signaling, because signaling and communication proteins are abundant in these vesicles and exist in an active and functional orientation. Intercellular transfer of K-Ras G13D has been proposed to contribute to metastasis in colon cancer based on the ability of exogenous exosome treatment to enhance growth of cells in collagen matrix and soft agar (48) . GBM tumors rarely metastasize (83) , but experiments probing the uptake of GBM exosomes by endothelial cells and the impact upon angiogenesis (6) indicate that transfer of active signals might be involved in this process. However, a direct exosome protein to cytoplasmic acceptor cell protein interaction has yet to be identified to clearly define whether signaling factors within exosomes indeed function in the cytoplasm of the acceptor cell and how this process might work. Future studies are needed to probe whether active Ras released to exosomes is indeed capable of signaling in another cell.
Experimental Procedures
Cell Culture and Stable Cell Line Generation-005 cells (51) were cultured as previously described in N2 medium: DMEM/ F-12 supplemented with 1ϫ N2, hEGF (20 ng/ml), hFGF-2 (20 ng/ml), Heparin (40 g/ml), and L-glutamine to maintain an undifferentiated state. U87MG cells (66) were cultured in DMEM (4.5 g/liter glucose, L-glutamine, and sodium pyruvate) supplemented with 10% FBS. Penicillin/streptomycin (Corning, 1X) and Cipro (10 g/ml) antibiotics were added to maintain cultures. All cells were cultured at 37°C in 5% CO 2 .
U87MG cells stably expressing lentiviral Tet-Flag-K-Ras expression plasmids were selected as a batch for puromycin resistance using 3 g/ml of puromycin and validating complete eradication of control cells cultured in parallel. Puromycin selection was continuously applied to cultures to ensure retention of expression constructs, and doxycycline was excluded from passaged cultures and added only for experimental analyses to promote the maintenance of isogenic comparisons of K-Ras mutants.
Cloning of Lentiviral Vectors: Flag-K-Ras Expression Constructs-Primers (Table 1 ) and plasmids ( Table 2) used to clone and validate these constructs are summarized in Tables 1 and 2 . We created a single lentiviral vector expressing Flag-K-Ras through a third generation Tet-responsive system (Fig. 5A ). Between the two long terminal repeats (LTR) of this vector, Flag-K-Ras is expressed under a TRE3GV promoter, and the genes encoding Tet-On 3G (Clontech) transactivator protein and puromycin N-acetyltransferase (PuroR) are dually expressed by the EF1a promoter, using the T2A self-cleaving peptide (86) to generate separate proteins, and the woodchuck hepatitis virus posttranscriptional regulatory element in the 3Ј untranslated region (UTR) to enhance expression (87) .
To make Flag-K-Ras WT, G12D, and C185S expression constructs, CMV-nLuc-HA-K-Ras given to us by the Wahl lab were PCR amplified using the oNL42 primer used in BiLC subcloning and the oNL71 primer containing the BamHI cut sequence, and ATG, the FLAG sequence, a Ser-Gly linker, and K-Ras priming sequences. BamHI-Flag-Ser-Gly-K-Ras-SpeI digested and purified fragments were ligated to BamHI-SpeI-digested lentiviral backbone. Because a Flag-K-Ras S17N template was not available, we used the shorter plasmid CMV-nLuc-HA-K-Ras WT as a template for site-directed mutagenesis with primers oNL63 and oNL64 to make an accurate template first. Then, the Flag-K-Ras S17N lentiviral Tet expression construct was cloned using the CMV-nLuc-HA-K-Ras S17N template and oNL42 and oNL71 primers as for other Flag-K-Ras expression constructs. To verify the absence of unintended mutations within Flag-K-Ras plasmids, each ORF of the constructs was sequenced in entirety using oNL42 and oNL57 and/or oNL71.
Ultracentrifugation Harvesting of Exosomes-This protocol was adapted from traditional exosome harvesting protocols (12, 54) . Cells were grown in their usual medium for 24 h. For Tet induction experiments, the stable Tet analogue Dox was added 3 h prior to the final 3 h of the 24-h incubation to ensure efficient expression of constructs during exosome harvesting. Medium was removed and replaced with fresh exosome-harvesting medium (containing exosome-depleted FBS for cells grown in FBS-supplemented medium and Dox at the indicated concentrations for specified experiments). Exosome depletion of FBS was achieved by centrifuging FBS overnight at 110,000 ϫ g to pellet exosomes, and then FBS supernatants were sterile filtered with 0.2-m doxycycline filters. Cells were grown for 48 h in exosome-harvesting medium, then conditioned TRE3G PURO Gift of the Verma lab CMV-nLuc -linker-HA-GGA-TCC-K-Ras WT medium was collected from plates and spun at 300 ϫ g to remove cells. In parallel, lysates were prepared from cells, and cells from one plate were counted to calculate the total number of exosome-producing cells. Supernatants from the 300 ϫ g spin were spun at 16,500 ϫ g for 20 min to remove dead cells and cellular debris, and supernatants were then pooled and filtered using 0.2-m filters to retain only smaller vesicles. Exosomes were harvested from filtered supernatants by spinning at 110,000 ϫ g for 1 h and washing pooled samples in PBS. An additional 110,000 ϫ g spin for 1 h in a smaller volume of PBS was performed to concentrate the exosomes for experimental analyses. TEM Analysis of Exosomes-For TEM analyses, ultracentrifugation harvested exosomes were fixed in 4% formaldehyde (EM grade), and these were mounted on grids using methods previously described (54) and observed at ϫ20,000 magnification on a Zeiss Libra 120 PLUS EF-TEM Transmission Electron Microscope, equipped with a 2kx2k fiber optically coupled bottom mount YAG CCD camera for image acquisition. Using Fiji (ImageJ 1.50a), the diameter of the exosomes (nm) was calculated for 230 exosomes (005) or 262 exosomes (U87MG) from 4 separate images for each after adjusting pixel width and height to 0.7 nm/pixel.
Protein Quantitation-Exosomes were permeabilized for 30 min on ice in 0.1% Triton X-100 prior to quantitation. Cell lysates were diluted 1:5 for analysis. BSA standards were prepared using the appropriate buffer (0.1% Triton X-100 or 20% lysis buffer). DC protein assay (Bio-Rad) reagents and protocol were used, and samples were calculated in parallel to a BSA standard series. All samples were plated in triplicate and averaged on 96-well plates and A 750 readings were recorded on a TECAN M1000pro.
Sucrose Cushion Purification of Exosomes-For sucrose cushion purification of exosomes, we adapted the following protocol (54) . We prepared more than 2.05 mg (by total protein quantification) of ultracentrifugation-harvested exosomes. We reserved 50 g (25%) of exosomes to compare crude ultracentrifugation purified to further, sucrose cushion-purified exosomes. Using an SW41 tube, 2 mg of ultracentrifugation-harvested exosomes were diluted into 10 ml of PBS, and this was loaded on top of 2 ml of a Tris/D 2 O sucrose cushion prepared according to the instructions defined in the Thery protocol (54) . Tubes were spun at 110,000 ϫ g (25,000 rpm in an SW41 rotor) for 75 min, and 9.2 ml from the top layer was diluted into 20.8 ml of PBS, whereas 1.8 ml from the top of the cushion was diluted into 28.2 ml of PBS. Diluted samples were spun at 110,000 ϫ g for 60 min in an SW32 rotor. Pellets from this spin were resuspended into 1 ml of PBS and spun for 60 min in an MLA-150 rotor on a benchtop ultracentrifuge at 110,000 ϫ g to further wash and concentrate the pellets.
Mass Spectrometry (MS)-Equal amounts of total protein were compared in MS experiments. The samples were first denatured in 8 M urea and then reduced and alkylated with 10 mM Tris(2-carboxyethyl)phosphine hydrochloride (Roche Applied Science) and 55 mM iodoacetamide (Sigma), respectively. The samples were then digested overnight with trypsin (Promega) according to the manufacturer's specifications. The protein digests were pressure-loaded onto 250-m inner diam-eter fused silica capillary (Polymicro Technologies) columns with a Kasil frit packed with 3 cm of 5-m Partisphere strong cation exchange resin (Whatman) and 3 cm of 5-m C18 resin (Phenomenex). After desalting, each biphasic column was connected to a 100-m inner diameter fused silica capillary (Polymicro Technologies) analytical column with a 5-m pulled-tip, packed with 10 cm of 5-m C18 resin (Phenomenex).
Each MudPIT column was placed in line with an 1100 quaternary HPLC pump (Agilent Technologies) and the eluted peptides were electrosprayed directly into an LTQ Orbitrap XL mass spectrometer (Thermo Scientific). The buffer solutions used were 5% acetonitrile, 0.1% formic acid (buffer A), 80% acetonitrile, 0.1% formic acid (buffer B) and 500 mM ammonium acetate, 5% acetonitrile, 0.1% formic acid (buffer C). A 12-step MudPIT was run with salt pulses of 0, 10, 20, 30, 40, 50, 60, 70, and 100% buffer C and 90% buffer C, 10% buffer B. The 120-min elution gradient had the following profile: 10% buffer B beginning at 15 min to 40% buffer B at 105 min, continuing to 110 min. A cycle consisted of one full scan mass spectrum (400 -1600 m/z) in the Orbitrap at 60,000 resolution followed by five data-dependent collision-induced dissociation MS/MS spectra in the LTQ. Charge state screening was enabled and unassigned charge states and charge state 1 were rejected. Dynamic exclusion was enabled with a repeat count of 1, a repeat duration of 30 s, an exclusion list size of 500, and an exclusion duration of 180 s. Dynamic exclusion early expiration was enabled with an expiration count of 3 and an expiration signal-to-noise ratio of 3. Application of mass spectrometer scan functions and HPLC solvent gradients were controlled by the Xcalibur data system (Thermo Scientific).
MS/MS spectra were extracted using RawXtract (version 1.9.9) (88). MS/MS spectra were searched with the Sequest (version 3.0) algorithm (89) against a mouse international protein index (IPI) database (version 3.30, release date 06-28-2007) supplemented with known contaminants and concatenated to a decoy database in which the sequence for each entry in the original database was reversed (90) . A total of 113,149 protein entries were searched. Precursor mass tolerance was 50 ppm and fragment mass tolerance was 600 ppm. For protein identifications, the Sequest search was performed using no enzyme specificity and static modification of cysteine due to carboxyamidomethylation (57.02146). Sequest search results were assembled and filtered using the DTASelect (version 2.0.49) algorithm (91) , requiring peptides to be at least half-tryptic (cleavage C-terminal to Arg or Lys residue) and a minimum of two peptides per protein identification. The number of missed cleavages was not specified. The protein identification falsepositive rate was kept below 1% and all peptide-spectra matches had less than 10 ppm mass error. DTASelect assesses the validity of peptide-spectra matches using the cross-correlation score (XCorr) and normalized difference in cross-correlation scores (⌬CN). The search results are grouped by charge state and tryptic status and each subgroup is analyzed by discriminate analysis based on a non-parametric fit of the distribution of forward and reversed matches.
Trypsin Protection Assay-Equal volumes of exosomes (7-10 g of protein) were probed for protection of cytoplasmic proteins by examining treatment with: trypsin (1 g), trypsin and Triton X-100 (0.1%), or control. The purified GST-Ubc9 protein was included at 5 ng/reaction to demonstrate the ability of trypsin to digest a soluble, non-exosomal protein. Digests were incubated for 3 h at 37°C, and inactivation was achieved by adding protease inhibitors at the following final concentrations: PMSF (5 mM), leupeptin (40 M), and aprotinin (2.5 M). We then immediately added protein loading buffer to 1ϫ and boiled samples for 5 min at 95°C. Active Ras Purification Assay-This experiment was performed according to the manufacturer's protocol (active Ras precipitation kit, Cell Signaling Technology). Exosomes (18 g protein) were pelleted at 110,000 ϫ g in 1 ml of PBS, and pellets were lysed with the included lysis buffer and 1 mM PMSF added. We added 80 g of GST-Raf-RBD protein to lysates, then we reserved 10% for analysis of total input prior to active Ras precipitation. Mixtures were incubated with resin for 1 h at 4°C with rotation. Unbound proteins were pelleted, and 5% of this volume was saved for analysis. Resin with bound proteins were washed three times with the included lysis/binding/wash buffer, and 5% of the first wash was saved for analysis. Bound proteins were eluted and boiled using 50 l of the included 2ϫ SDS loading buffer with DTT added to 200 mM. Half of the eluate was resolved on a gel next to input, unbound, and wash samples.
Immunoblot Analyses-Antibodies used in this study are summarized in Table 3 . Samples were resolved on polyacrylamide gels consisting of a separating gel [12.5% (w/v) acrylamide, 0.1% (w/v) bisacrylamide, 0.38 M Tris-Cl, pH 8.8, 0.1% (w/v) SDS] and a stacking gel [4% (w/v) acrylamide, 0.1% (w/v) bisacrylamide, 0.125 M Tris-Cl, pH 6.8, 0.1% (w/v) SDS] using standard protocols for SDS-PAGE, and gels were transferred overnight at 4°C with constant voltage (22 V) to PVDF membranes optimized for Odyssey detection. Li-Cor Odyssey protocols were followed for blotting of membranes with primary and secondary antibodies (Alexa dye 680 and IRDye 800), and after washing, these were scanned to the Li-Cor Odyssey for quantitative detection of signals. For quantitation, bands for proteins of interest were manually defined using a rectangle or ellipse, and an identical size/shape background band was manually defined (user defined background method). Normalized intensities were calculated from I.I.K counts given by the Li-Cor Odyssey software by subtracting background values from bands of interest and calculating this signal as a fraction of background-subtracted signal for a normalizing protein.
NanoSight Counting of Exosomes-NanoSight NTA was used to roughly calculate the number of vesicles in an exosome purification. Three videos of 1 min each were captured and averaged for each sample. Experimental analyses were performed on exosomes harvested from cells on 4 separate dates and averaged for presented data.
Data Analysis-For MS experiments, proteins with less than a 1% false-positive rate were identified for each in triplicate using Sequest search and DTASelect filtering from MS/MS spectra. Returned IPI identifiers were analyzed only if these were observed in all three technical replicates, and results were filtered to prevent duplication of identifiers and proteins (by looking at genes predicted by identifier) in the analysis.
Functional analyses of predicted proteomes were performed by loading IPI identifiers from our filtered list to the DAVID version 6.7 functional annotation tool (61, 62) , and the functional annotation chart tool, specifically GO_BP_FAT, was used to look for significantly represented gene ontology terms for biological process. Data from the GO_BP_FAT charts were used to create separate lists of significantly represented biological processes for whole cell and exosome proteomes, using a p value of 0.05 or less as the cutoff (supplemental Table S2 , GO_BP_FAT_CELL3 and GO_BP_FAT_EXO3, all terms above the underline are p values less than 0.05). To probe for unique terms, we compared significantly represented terms using a tool designed to detect set differences (jura.wi.mit.edu/bioc/tools/compare.php).
The FunRich tool (56) was used for specified analyses. Gene symbols were acquired for IPI IDs using DAVID and the bioDBnet db2db converter (92) . The FunRich database was used for mapping sites of expression, cellular component, and biological process except for comparisons to exosome datasets from ExoCarta (57) (58) (59) (60) , in which a custom spreadsheet for site of expression was generated from Experiment Details (to link information from experiment number to tissue of origin information) and Protein mRNA Details files (sorting in Excel for human, mouse, and rat proteomes results from mass spectrometry analyses).
For data analysis, R (R Core Team (2015), R: A language and environment for statistical computing; R Foundation for Statistical Computing, Vienna, Austria) was used to calculate mean, S.D., and generate stripcharts from this data. 
